Structural, Optical and Electrical Properties of Multilayer Stacks ZnO:Al/Ag/ZnO:Al and ZrO2/Ag/ZrO2  by Dimova-Malinovska, D. et al.
 Energy Procedia  60 ( 2014 )  143 – 147 
Available online at www.sciencedirect.com
ScienceDirect
1876-6102 © 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of The European Materials Research Society (E-MRS)
doi: 10.1016/j.egypro.2014.12.356 
E-MRS Spring Meeting 2014 Symposium Y “Advanced materials and characterization techniques 
for solar cells II”, 26-30 May 2014, Lille, France 
Structural, optical and electrical properties of multilayer stacks 
ZnO:Al/Ag/ZnO:Al and ZrO2/Ag/ZrO2 
D.Dimova-Malinovska*a, K.Lovchinova, M. Petrova, D.Karashanovab and O.Angelov1 
aCentral Laboratory of Solar Energy and New Energy Sources, Bulg. Acad. Sci., 72 Tsarigradsko chaussee blvd., 1784 Sofia, Bulgaria 
bInstitute of Optical Materials and Technologies, Bulg. Acad. Sci., Acad. G. Bonchev str., bl.109, 1113 Sofia, Bulgaria 
Abstract 
Structural, optical and electrical properties of multilayer stacks ZnO:Al/Ag/ZnO:Al and ZrO2/Ag/ZrO2 are studied. The stacks are 
deposited on glass substrates without heating by r.f. magnetron sputtering consecutively of ZnO:Al and Ag or ZrO2 and Ag 
targets, respectively. The properties of the as-deposited and annealed in forming gas atmosphere, at 1800C for 1 h are compared. 
The structural properties of the stacks are studied by TEM and SEM images and demonstrate semi-continuous granular structure 
of the Ag films. The Ag nanograins in ZrO2 based stacks have a larger size than in the ZnO based stacks. The spectra of 
transmittance and reflectance have bands resulting from interband transitions of d-shell electrons of Ag atoms and plasma 
resonance oscillations of free electrons. The sheet resistance of the as-deposited and annealed stacks is in the range 3.1-8.9 Ω/□ 
and slightly changes after annealing. The deposited stacks have potential for application as a back reflector in thin film solar cells 
for improvement of light harvesting and their efficiency. 
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1. Introduction 
Increasing of the efficiency of the a-Si:H solar cells is one of the aim of the photovolaisc scientific community. 
One of the approaches is related to the increase of the absorption of the incident light in the optically thin silicon 
absorber layer via light-trapping concepts. A promising approach to increase the absorption of the thin film Si solar 
cells is formation of back reflector including noble metal nanoparticles (NPs) to the rear side of the solar cells [1, 2]. 
It has been reporter that the back reflector with plasmonic Ag nanoparticels ZnO/Ag/ZnO can provide light-trapping 
performance comparable to state-of-the-art random textures in n-i-p a-Si:H solar cells [3].The different metal oxides 
with their dielectric properties give the opportunity to model the optical properties of the noble metal NPs [4].  
In this work the structural, optical and electrical properties of multilayer stack structures ZnO:Al/Ag/ZnO:Al and 
ZrO2/Ag/ZrO2 obtained by r.f magnetron sputtering on glass substrates without heating, as-deposited and annealed, 
are studied and compared. 
2. Experimental 
The multilayer stacks ZnO:Al/Ag/ZnO:Al and ZrO2/Ag/ZrO2 are deposited on glass substrates without heating by 
consequently r.f. magnetron sputtering of ZnO:Al and Ag, or ZrO2 and Ag targets, respectively. The ZnO:Al films 
are sputtered in atmosphere of Ar (2 Pa)+H2 (0.02 Pa) and the ZrO2 films - in atmosphere of Ar at a pressure of 2 Pa. 
The Ag films are sputtered in Ar at 0.2 Pa. The r.f. power in the case of deposition of the ZnO:Al and ZrO2 layers is 
50 W and in the case of Ag films is of 30 W. The thickness of the oxide films ZnO:Al and ZrO2 is 9 nm and that of 
the Ag film - 20 nm. Two series of samples are studied - as-deposited and annealed at 1800C for 1 h in atmosphere 
of flow of (N2+H2). TEM pictures are obtained through HRTEM by JEOL JEM 2100 apparatus at accelerating 
voltage of 200 kV. SEM micrographs are taken with apparatus Philips 515. The transmittance and reflectance 
spectra of the multilayer structures are measured by a spectrophotometer ShimadsuUV.3600 in the spectral range of 
350-1200 nm. The diffuse reflectance spectra are measured by the integrating sphere which is included in the 
original equipment of the spectrophotometer. The sheet resistance of the multilayer structures is measured by four 
point probe method using VEECO instrument. The films thickness is measured by a profilometer “Talystep” 
equipped with an electronic device for registration of the signal and the film thickness is determinate with an 
accuracy of 2 nm. 
3. Results and discussion 
TEM (Fig. 1) and SEM (Fig.2) pictures of the as-deposited and annealed ZnO:Al/Ag/ZnO:Al and ZrO2/Ag/ZrO2 
multilayer stacks demonstrate semi-continuous granular structure with regular or irregular ellipsoidal shape of the 
Ag NPs. Since the attraction between the silver atoms is higher than between silver and atoms of surrounding oxides 
one might expect the growth mode to be a Volmer-Weber type, and three dimensional islands are formed from the 
onset of growth [5]. 
According to the calculated size distribution by the program “Image J” [6] the majority of Ag NPs in the 










Fig.1. TEM pictures of ZnO:Al/Ag/ZnO:Al as deposited (a) and annealed (b) and ZrO2/Ag/ZrO2 as deposited (c) and annealed (d) multilayer 
stacks. The markers correspond to 200 nm. 
 
c d a b 









Fig. 2. SEM pictures of ZnO:Al/Ag/ZnO:Al as deposited (a) and annealed (b) and ZrO2/Ag/ZrO2 as deposited (c) and annealed (d) multilayer 
stacks. All pictures have marker of 1 μm. 
After annealing the Ag nanograins increase in size (60nm) in ZnO:Al/Ag/ZnO:Al stacks due to the coalescence 
of Ag NPs and shrink of the smallest ones (Oswald ripening [7-9]). In the case of ZrO2/Ag/ZrO2 stacks the size of 
the Ag NPs practically (~100nm) does not change significantly the after annealing. The difference in the grain 
structure of the Ag films in both kinds of stacks can be related to the influence of the different oxide matrixes 
surrounded Ag film during the deposition and during the process of Ag NPs coalescence due to annealing. Probably 
some differences in the native defects in the structure in ZnO:Al and ZrO2 films (Schwoebel barriers) cause the 
difference in the Ag grains formation in the stacks with different oxide films [10]. Further investigation is needed to 
be elucidated the reason for this observation. 
The spectra of transmittance of the individual layers ZnO:Al, ZrO2 and Ag are presented in Fig.3. Fig. 4a, 4b, 
and 4c show the spectra of transmittance, reflectance and diffuse reflection, respectively, of the as-deposited and 
annealed ZnO:Al/Ag/ZnO:Al and ZrO2/Ag/ZrO2 multilayer stacks. Comparison between transmittance spectra of 
ZnO:Al, ZrO2 and Ag individual layers and those of the stacks reveals that the optical properties of the multilayer 
stacks are determined by the optical properties of Ag thin film deposited between dielectric layers – ZnO:Al or ZrO2. 
The optical properties of the multilayer stacks with Ag nanograins can be explained with the Mie theory of 
plasma properties of electrons in the metal with dielectric function εm surrounded by transparent oxide with 
dielectric function εoxide [11].  
The transmittance spectra (Fig. 4a) of as-deposited and annealed multilayer stacks ZnO:Al/Ag/ZnO:Al and 
ZrO2/Ag/ZrO2 have two bands - at about 365 nm and about 460 nm. The band at about 365 nm is due to d-shell 
electrons of the Ag atoms and the near lying quadrupolar electron plasma resonance of the Ag NPs[11]. The band at 
about 460 nm is related to overlap between the quadrupolar and dipolar resonances [11]. The position of the band at 
about 365 nm in the spectra of ZnO:Al/Ag/ZnO:Al is shifted to the longer wavelengths compared to the case of 
ZrO2/Ag/ZrO2 stack. The value of its full width at half maximum (FWHM) in the spectra of the ZnO/Ag/ZnO stack 
is larger compared to that of ZrO2/Ag/ZrO2 stacks. This can be explained with the difference in the size of the Ag 
NPs. As it has been already pointed out, the majority of the Ag NPs in the ZrO2/Ag/ZrO2 stacks have larger size of 
the NPs (90 nm) than those in ZnO:Al/Ag/ZnO:Al stacks (60 nm). It is known that the quadrupolar resonance 
appears when NPs size is larger than 80 nm and the dipolar resonance prevails in the case when the NPs size is 
lower than this value [11]. In the case of the stack based on ZnO the band at about 365 nm is wider due to the 
smaller Ag NPs size. The intensity of the band is preliminary determined by d-electron transitions in the Ag atoms, 
the contribution of the quadrupolar resonance is lower and the dipolar resonance is prevailing leading to the red shift 
of the band. 
 
 
Fig. 3. Transmittance spectra of the individual layers of ZnO:Al(9nm), ZrO2(9nm) and Ag(20nm). 
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Fig.4. Spectra of transmittance (a), reflectance (b), diffuse reflection (c) of as deposited and annealed multilayer stacks ZnO:Al/Ag/ZnO:Al and 
ZrO2/Ag/ZrO2. 
The band due to the overlap between dipolar and quadrupolar resonances in transmittance spectra at about 460 
nm of both kinds of stacks is broad and smears probably due to the interaction between the neighbour Ag NPs 
withdifferent sizes. The transmittance of the ZnO:Al/Ag/ZnO:Al stacks (as-deposited and annealed) is higher than 
the transmittance of ZrO2/Ag/ZrO2 stacks in the spectral region under investigation. 
The reflectance (direct and diffused) spectra of the as-deposited and annealed ZnO:Al/Ag/ZnO:Al and 
ZrO2/Ag/ZrO2 (Fig. 4b) have the same bands as is observed in the transmittance spectra. It has to be noted the higher 
reflectance in the spectra of the as-deposited and annealed ZrO2/Ag/ZrO2 stacks compare to the corresponding 
spectra of ZnO:Al/Ag/ZnO:Al stacks. The values of the diffuse reflection of the ZrO2 based stacks are higher 
compared to the values of the ZnO:Al based ones (Fig. 3c). The lower transmittance and higher reflection of 
ZrO2/Ag/ZrO2 stacks can be explained by a larger size of Ag NPs and increased free electrons concentration in the 
ZrO2/Ag/ZrO2 stacks (Fig. 1c and 1d). This is confirmed by their lower electrical resistance (see Table1) and is 
promising for their application as a back reflector at the rear side of the thin film solar cells for improving light 
harvesting. It has to be noted that the reflection of the stacks is influenced by the plasma resonance of Ag NPs, their 
shape and size distribution [10-12].  





The values of the sheet resistance, R□, of the as-deposited and annealed stacks are in the range 3.1-8.9 Ω/□ as 
shown in Table 1. The values of the sheet resistance of the ZrO2/Ag/ZrO2 stacks, as-deposited and annealed, are 
lower than R□ of ZnO:Al/Ag/ZnO:Al. The annealing results in slightly increasing in R□ in ZnO based stacks and 
slightly decreasing in ZrO2 based ones. The obtained values of resistance are close to the value of the metallic 
resistivity and it is possible to suppose that it is determined by the Ag nanoparticles in the stack structures [11]. 
Different native defects in the oxide matrixes, ZnO:Al and ZrO2, could affect differently the conductivity of both 
kind of stacks and also the diffusion of Ag and eventually oxidation of Ag nanoclusters resulting in increasing of 
resistivity after annealing [10-12]. 
4. Conclusion 
Structural, optical and electrical properties of multilayer stacks ZnO:Al/Ag/ZnO:Al and ZrO2/Ag/ZrO2 deposited 
by r.f. magnetron sputtering on glass substrates without heating are studied. TEM and SEM pictures reveal semi-
Sample Thickness, [nm] Annealing R□ , [Ω/□] 
ZnO:Al/Ag/ZnO:Al 9/20/9 as deposited 6.9 
ZnO:Al/Ag/ZnO:Al 9/20/9 1800C, N2+H2, 1h 8.9 
ZrO2/Ag/ZrO2 9/20/9 as deposited 3.9 
ZrO2/Ag/ZrO2 9/20/9 1800C, N2+H2, 1h 3.1 
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continuous granular structure of the Ag film in both kinds of stacks. The majority of the Ag NPs in ZrO2/Ag/ZrO2 
stacks have size larger than the size of the Ag NPs in ZnO:Al/Ag/ZnO:Al stacks. The spectra of transmittance, 
reflectance and diffused reflection of both kinds of stacks have spectral bands due to interband transitions of d-shell 
electrons of Ag atoms and plasma resonance oscillations of free electrons. The transmittance of the as-deposited 
ZnO:Al/Ag/ZnO:Al stack is higher than the transmittance of the annealed ZnO:Al/Ag/ZnO:Al stack due to the  light 
scattering from the larger Ag NPs formed during the annealing. The transmittance of ZrO2/Ag/ZrO2 stacks does not 
change after annealing - the shape distribution and the size of the Ag NPs size do not change significantly. The 
higher reflectance (direct and diffuse) in the spectra of the as-deposited and annealed ZrO2/Ag/ZrO2 stacks 
compared to the reflectance of the ZnO:Al/Ag/ZnO:Al stacks is related to the larger Ag grains size of the 
ZrO2/Ag/ZrO2 stacks. The values of diffused reflection of the stacks are higher than 12% above wave length of 700 
nm. The stacks have low sheet resistance value between 3.1Ω/□ and 8.9Ω/□ and metallic type of conductivity due to 
semi-continuous structure of the Ag films. 
The conductive stack structures with high value of reflectance and diffused reflection are promising for 
application as back reflector at the rear side of the thin film solar cells to enhance light trapping and improvement 
their efficiency. 
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